A new, phenoxo-bridged Cu II dinuclear complex Cu 2 [(L) 2 (DMF) 2 ] (1) has been obtained by employing the coumarin-assisted tridentate precursor, H 2 L, [benzoic acid(7-hydroxy-4-methyl-2-oxo-2H-chromen-8ylmethylene)-hydrazide]. Complex 1 has been systematically characterized by FTIR, UV-Vis, fluorescence and EPR spectrometry. The single crystal X-ray diffraction analysis of 1 shows that the geometry around each copper ion is square pyramidal, comprising two enolato oxygen atoms belonging to different ligands (which assemble the dimer bridging the two metal centers), one imine-N and one phenolic-O atoms of the Schiff base and one oxygen atom from the DMF molecule. The temperature dependent magnetic interpretation agrees with the existence of weak ferromagnetic interactions between the bridging dinuclear Cu(II) ions. Both the ligand and complex 1 exhibit anti-mycobacterial activity and considerable efficacy towards M. tuberculosis H37Rv ATCC 27294 and M. tuberculosis H37Ra ATCC 25177 strains. The cytotoxicity study on human adenocarcinoma cell lines (MCF7) suggests that the ligand and complex 1 have potential anticancer properties. Molecular docking of H 2 L with the enoyl acyl carrier protein reductase of M. tuberculosis H37R v (PDB ID: 4U0K) is examined and the best docked pose of H 2 L shows one hydrogen bond with Thr196 (1.99 Å).
Introduction
Recent research trends reveal that there has been considerable interest among researchers in studying the chemistry of coumarin functionalised compounds due to their broad spectrum of activities ranging from photophysical or photochemical properties 1 to biological properties. 2 Many products that contain a coumarin subunit exhibit diverse biological activities such as molluscicidal 3a and insecticidal activities, 3b cytotoxicity, 3c and anti-HIV activity; 3d some serve as antioxidant 3c and anticoagulant agents. 4 Basically, the coumarin nucleus is one of the most interesting chromophores with high fluorescence efficiency, 5 which opens up a new way for recognition and determination of metal cations or anions. 6 There are several coumarin appended fluorescent sensors reported in the literature which are potentially used to detect cations e.g. Ca 2+ , 6a Zn 2+ , 6b and Cu 2+6c as well as anions e.g. fluorides, 6d cyanides, etc. It is well established that the biological activity associated with hydrazone compounds is attributed to the presence of the active pharmacophore (-CONH-NQC-), 7 and many hydrazone compounds containing this active moiety showed good anticancer, antituberculosis and antibacterial activities. 8 Additionally, the azomethine (-CONH-NQC-) group in hydrazone derivatives possesses strong binding ability due to the formation of stable chelates with metal ions. So, coumarin containing hydrazone derivatives are not only expected to have enhanced biological activities but also show high sensitivity towards metal ions. Indeed, chelation studies involving metal ions coordinated to coumarin derivatives at different positions have been reported in the literature. 9 8-Substituted-4-methyl-7-hydroxycoumarin and 6-substituted-4-methyl-7-hydroxycoumarin have been investigated due to their complexation ability and exhibited anticoagulant and plant growth regulating properties. 10 Some of us previously reported one Cu(II) derivative mediated by N-[(2-pyridyl)methyliden]-6-coumarin. 11 Dinuclear transition metal complexes have gained significant interest over the years due to their diverse properties and reactivity, originating from the magnetic exchange occurring between neighbouring metal centres and potential applications in the field of magnetism 12 and biochemistry. 13 So far, several copper ions coordinated to oxygen and/or nitrogen atoms as structural and functional models in magneto-chemistry and metalloenzymes have been reported in the literature. 14 Copper is the third most abundant transition metal found in living systems, 15 and it plays an essential role in biological systems. The nature (antiferromagnetic or ferromagnetic) and magnitude of a magnetic exchange interaction between two metal ions are reasonably well understood in terms of the energetics and overlap of 'magnetic' orbitals. 16 In the last few years, the success in understanding magnetic exchange interactions in metal complexes has prompted efforts to see if these complexes can be used as molecular building blocks for materials exhibiting interesting properties. The magnetic spin exchange in dinuclear copper(II) complexes in relation to the participation of donor atoms of the corresponding ligand is of continuing interest. 17 The design of ligands capable of binding two metal ions in close proximity is, therefore, an important subject in this field. In order to gain an insight into the correlation between the structure and magnetism of dinuclear copper(II) complexes, detailed investigations based on crystal structure analyses are needed. Tuberculosis, which is caused primarily by Mycobacterium tuberculosis and rarely by M. bovis and M. africanum, is one of the oldest disease in the world affecting lungs and spreading to the other organs. 18 At present, a million children per year have died from this disease. 19 Mycobacteria resist to many chemicals, disinfectant antibiotics and chemotherapeutical agents. 20 Mycobacteria show a strong resistance to most of the antibiotics and chemicals due to the low permeability of the mycobacterial cell wall. Porins of the thickness and low permeability of this bilayer membrane allow inefficient permeability of the substances. 20b The prospect of developing new and effective drugs is central to the global control of tuberculosis.
In the present contribution, the ligand [benzoic acid(7hydroxy-4-methyl-2-oxo-2H-chromen-8-ylmethylene)-hydrazide] (H 2 L), a tridentate ONO donor, 21 was used in order to synthesize the Cu(II) dinuclear complex Cu 2 [(L) 2 (DMF) 2 ] (1). Besides studying the systematic spectral and magnetic properties, we have focused our attention on the anti-mycobacterial activity of human tuberculosis cells like M. tuberculosis H37Rv ATCC 27294 and M. tuberculosis H37Ra ATCC 25177 strains. We also have examined the cytotoxicity study on human adenocarcinoma cell lines (MCF7). The anti-microbacterial efficiency of H 2 L is examined by molecular docking with the enoyl acyl carrier protein reductase of M. tuberculosis H37R v (PDB ID: 4U0K).
Experimental

Materials
All chemicals and solvents were of reagent grade and used as received. Cu(NO 3 ) 2 Á3H 2 O was purchased from Merck, India. Benzohydrazide and 7-hydroxy-4-methyl-coumarin were purchased from Aldrich Chemicals, India.
Physical measurements
Microanalytical data (C, H, and N) were collected on a Perkin-Elmer 2400 CHNS/O elemental analyzer. FTIR spectra were recorded on a Perkin-Elmer RX-1 spectrophotometer in the range 4000-400 cm À1 as KBr pellets. Electronic spectra were measured on a Lambda 25 (UV-vis-NIR) spectrophotometer. Emission spectra were recorded using an LS 55 Perkin-Elmer spectrofluorometer at room temperature (298 K) in different solutions under degassed conditions. The fluorescence quantum yield of the complexes was determined using carbazole as a reference with a known f R of 0.42 in benzene. 22 The complex and the reference dye were excited at the same wavelength, maintaining a nearly equal absorbance (B0.1), and the emission spectra were recorded. The area of the emission spectrum was integrated using the software available in the instrument and the quantum yield was calculated according to the following equation:
here, f S and f R are the fluorescence quantum yield of the sample and the reference, respectively. A S and A R are the area under the fluorescence spectra of the sample and the reference, respectively, (Abs) S and (Abs) R are the respective optical densities of the sample and the reference solution at the wavelength of excitation, and Z S and Z R are the values of the refractive index of the respective solvent used for the sample and the reference. Fluorescence lifetimes were measured using a time-resolved spectrofluorometer from IBH, UK. The instrument uses a picosecond diode laser (NanoLed-03, 370 nm) as the excitation source and works on the principle of time-correlated single photon counting. 23 The goodness of fit was evaluated by the w 2 criterion and the visual inspection of the residuals of the fitted function to the data. EPR spectra were recorded from 0 to 10 000 Gauss in the temperature range 77-298 K using an X-band (9.4 GHz) Bruker EMX spectrometer. EPR parameters reported in the text were obtained by simulating the spectra using the computer program Bruker WinEPR SimFonia. 24 Electronic absorption spectra were recorded using a Perkin-Elmer Lambda 35 spectrophotometer. Magnetic properties were investigated using a Quantum Design MPMS-XL superconducting quantum interference device magnetometer (SQUID) at an applied field 0.5 T in a temperature range 5-300 K. The diamagnetic correction was carried out by using Pascal constants.
Synthesis of the ligand and the complex
Synthesis of the ligand (H 2 L). 8-Formyl-7-hydroxy-4-methylcoumarin was prepared from 7-hydroxy-4-methyl-coumarin using the reported procedure. 25 Ligand H 2 L was synthesized by refluxing 8-formyl-7-hydroxy-4-methyl-coumarin (0.408 g, 2 mmol) and benzohydrazide (0.272 g, 2 mmol) for a period of 2 h in methanol to obtain the yellow colored compound. It was filtered, washed with excess of methanol and recrystallized from dioxane (see Scheme ESI †). Yield: 0.231 g (72%). Anal. calc. for C 18 Synthesis of Cu 2 [(L) 2 (DMF) 2 ] (1). To a methanol solution (10 mL) of Cu(NO 3 ) 2 Á3H 2 O (0.482 g, 2 mmol), the ligand H 2 L (0.644 g, 2 mmol) in 15 mL of DMF was added upon constant stirring. The resulting green solution was kept undisturbed at room temperature. Dark-green square-shaped single crystals of 1 were generated after one week. These were separated by filtration and air-dried before X-ray diffraction analysis. Yield: 0.69 g. Anal. calc. for C 42 H 38 Cu 2 N 6 O 10 : C, 55.20; H, 4.20; N, 9.19. Found: C, 55.373; H, 3.87; N, 9.58%.
X-ray crystallography
The crystal structure of 1 was determined by X-ray diffraction methods. Crystal data and experimental details of data collection and structure refinement are reported in Table 1 . Intensity data and cell parameters were recorded at 293(2) K on a Bruker Breeze (MoKa radiation l = 0.71069 Å) equipped with a CCD area detector and a graphite monochromator. The o:2y scan technique was applied within a y range of 1.91À30.631. No significant crystal decay was observed. A total of 31 462 reflections were collected of which 4850 were independent [R(int) = 0.0358] reflections.
The raw frame data were processed using SAINT and SADABS to yield the reflection data file. 26 The structure was solved by Direct Methods using the SIR97 program 27 and refined on F o 2 by full-matrix least-squares procedures, using the SHELXL-97 program 28 in the WinGX suite v.1.80.05. 29 All non-hydrogen atoms were refined by anisotropic atomic displacements. The hydrogen atoms were included in the refinement at idealized geometry (C-H 0.95 Å) and refined ''riding'' on the corresponding parent atoms. The weighting scheme used in the last cycle of refinement was w = 1/ [s 2 F o 2 + (0.0583P) 2 + 0.4073P],
where P = (F o 2 + 2F c 2 )/3. CCDC-938644 for 1.
Theoretical calculation
Full geometry optimization of 1 was carried out using density functional theory (DFT) at the B3LYP level. 30 All calculations were performed using the Gaussian 03 program package 31 with the aid of the Gauss View visualization program. 32 For C, H, N, O, and Cl the 6-31G(d) basis set was assigned, while for Cu and Ni the LanL2DZ basis set with effective core potential was employed. 33 The vibrational frequency calculations were performed to ensure that the optimized geometries represent the local minima and there are only positive eigen values. Vertical electronic excitations based on B3LYP optimized geometries were computed by the time-dependent density functional theory (TD-DFT) formalism [34] [35] [36] in acetonitrile using the conductor-like polarizable continuum model (CPCM). 37 The Gauss sum was used to calculate the fractional contributions of various groups to each molecular orbital. 38 Anti-mycobacterial activity Medium. In the assays, Mycobacteria Growth Indicator Tubes (MGITs) and their supplements, BBL MGIT OADC enrichment and BBL MGIT PANTA were purchased from BD. The MGIT (Mycobacteria Growth Indicator Tube) contains 4 mL of modified Middlebrook 7H9 Broth base.
Inoculum preparation. For the cultivation of mycobacteria, the MGIT (Mycobacteria Growth Indicator Tube), a fluorescent compound, is embedded in silicone at the bottom, and then 4 mL of modified Middle brook 7H9 Broth base are added to the mixture. After that 0.5 mL of OADC (oleic acid, albumin, dextrose and catalase) enrichment, and the PANTA antibiotic mixture used to prevent the growth of any non-mycobacteria (0.1 mL) are added to this medium. Oleic acid plays an important role in the metabolism of mycobacteria; albumin acts as a protective agent; dextrose is an energy source; catalase destroys toxic peroxides. Tubes are incubated at 37 1C. For positive control, MGIT tubes are prepared by inoculating bacteria. An un-inoculated MGIT tube is used as a negative control. Blood agar is used for checking the growth of other bacteria. Daily tube reading starts on the second day of incubation using a Micro MGIT fluorescence reader which has long wave UV light. 39 To prepare inoculums from a positive BACTEC MGIT tube, the positive tubes (day 1 or day 2 positive) are used directly as inoculums. The positive tubes between day 3 and day 5 are diluted to 1 : 4 ratio using sterile saline. Inoculums, prepared from a Day 1 to Day 5 MGIT 7 mL positive tube, range between 
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0.8 Â 10 5 and 3.2 Â 10 5 CFU mL À1 . Each assay is performed according to the MGIT manual fluorometric susceptibility test procedure recommended by the manufacturer. 39, 40 Antimycobacterial susceptibility assay. The activity of the ligand, H 2 L, and complex 1 against M. tuberculosis strains was tested using the Microplate Presto Blue Assay (MPBA) by the method described by Collins & Franzblau 41 and modified by Jimenez-Arellanes et al. 42 128 mL of compound 1 and 72 mL of 7H9 broth were transferred into the first column, and then 100 mL of 7H9 broth was transferred from column 2 to column 8. Column 9 and 10 were the positive and the negative control, respectively. 100 mL of a mixture of broth and the compound were transferred from column 1 to column 2 and then mixed using pipettes three times; the procedure was repeated to provide serial 1 : 2 dilutions. 100 mL of the excess medium was discarded from the wells in column 8. Afterwards, 20 mL of M. tuberculosis inoculum was added to the wells of column 1 to 8 and to the positive control columns. Negative control columns were not inoculated with bacteria. Positive control columns included 7H9 broth and bacteria, while negative control columns contained 7H9 broth and compound 1. Final-test concentration ranges were 423.68-6.62 mmol L À1 in the mixture. Microplates were inoculated with the bacterial suspension (20 mL per well) except for the negative control and incubated at 37 1C for 6 days. Presto blue (15 mL, Life Technologies) was then added to the bacterial growth control wells (without compound 1) and the microplates were incubated at 37 1C for an additional 24 h. If the dye turned from blue to pink (indicating positive bacterial growth), the Presto blue solution was added to the other wells to determine the MIC values. All tests were performed in triplicate. The minimal inhibitory concentration (MIC) was defined as the lowest concentration of the sample that prevents a color change to pink. The minimal bactericidal concentration (MBC) corresponded to the minimum compound concentration which does not cause a color change in the cultures when re-incubated in fresh medium. 43 Streptomycin (STR) from Sigma and isoniazid (INH) from Fluka were used as standard drugs.
Cytotoxicity assay
Cell lines and culture conditions. MCF7, a human breast adenocarcinoma cell line, was obtained from the American Type Culture Collection (ATCC, Bethesda, MD, USA). Cells were grown in DMEM (Invitrogen, USA) containing 10% heat inactivated fetal bovine serum (FBS) (GIBCO BRL, USA), at 37 1C in a humidified atmosphere containing 5% CO 2 .
Cell viability test by MTT assay. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay was performed to determine the effect of compound 1 and the ligand (0.4, 0.8, 1.6, 3.12, 6.25, 12.50, 25, 50, and 100 mM) on the proliferation of MCF7 cells by their utilization and conversion to formazan according to the method of Mosmann. 44 MCF7 cells were plated into 96-well microtiter plates at a density of 2.5 Â 10 4 cells per well. After 24 h, the culture medium was replaced by 200 mL (0-100 mM) of compound, and the cells were incubated for 24 and 48 h. DMSO treated cells were used as controls. After treatment, the media were replaced with serum free DMEM media containing 1 mg mL À1 of MTT and incubated at 37 1C in a 5% CO 2 incubator for additional 5 h. After 5 h, the unreacted dye was removed, and the insoluble formazan crystals were dissolved in 100 mL per well DMSO and measured spectrophotometrically in a VersaMax tunable microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 570 nm. The relative cell viability (%) related to control wells containing cell culture medium without samples was calculated by
Docking studies
Molecular docking is used to predict how a protein interacts with small molecules. The crystal structure of enoyl acyl carrier protein reductase of M. tuberculosis H37R v was downloaded from the RCSB protein data bank (http://www.pdb.org) and used for docking. The protein (PDB id: 4U0K) was co-crystallized with (3S)-N-(5-chloro-2-methylphenyl)-1-cyclohexyl-5-oxopyrrolidine-3carboxamide and nicotinamide-adenine-dinucleotide. In silico docking studies were performed using the CDOCKER module of the Receptor-Ligand interaction protocol section of Discovery Studio client 3.5. 45 Initially, there was a pretreatment process for the protein and the ligand. The structure of the ligand was drawn using Chemdraw 5.0, saved in .mol file and finally the .mol file was imported to the Discovery studio 4.0 platform. Ligand preparation was done using the Prepare Ligand module in the Receptor-Ligand interaction tool of Discovery studio 4.0 and the prepared ligand was used for docking. Protein preparation was done under the Prepare Protein module of the Receptor-Ligand interaction tool of Discovery Studio 4.0 and that was used for docking. Then we have defined the protein as the total receptor and the active site was selected based on the ligand binding domain of (3S)-N-(5-chloro-2-methylphenyl)-1-cyclohexyl-5-oxopyrrolidine-3-carboxamide and nicotinamide-adeninedinucleotide. Then the pre-existing ligand was removed and the prepared ligand was placed. The most favorable docked pose was selected according to the minimum free energy of the protein-ligand complex and analyzed to investigate the interaction.
ADMET prediction
Absorption, distribution, metabolism, excretion and toxicity (ADMET) predictions were done in the ADMET descriptor module of the Small molecule protocol of Discovery studio client 4.0. The druglikeness of the compounds was also checked following Lipinski's rule of five. 46, 47 
Results and discussion
Synthesis and formulation
The ligand, [benzoic acid(7-hydroxy-4-methyl-2-oxo-2H-chromen-8yl-methylene)-hydrazide] (H 2 L), was prepared by the condensation of 8-formyl-7-hydroxy-4-methyl-coumarin with benzohydrazide (1 : 1 mole proportion) in methanol. H 2 L was then reacted with Cu(NO 3 ) 2 Á3H 2 O in methanol to yield the complex Cu 2 [(L) 2 (DMF) 2 ] (1), which was crystallized by slow evaporation of the solvent.
The IR spectra of 1 show a n(OQC-O) band at 1720 cm À1 that represents the stretching frequency of the lactone (the corresponding peak appears at 1707 cm À1 in H 2 L). The band at 1618 cm À1 is assigned to coordinated n(CQN), 48 whereas in the free ligand, the band appears at a lower wavenumber (1613 cm À1 ). A high intensity band in the region 1303-1269 cm À1 is assigned to the phenolic n(C-O) vibration, whereas the shifting of this band at 1370-1400 cm À1 supports the coordination of the phenolic oxygen to the metal ion via deprotonation. The n (M-N) and n (M-O) stretching frequencies are observed at 712 and 462 cm À1 .
Crystal structure
The molecular structure of the dinuclear copper compound is shown in Fig. 1 . Relevant bond lengths and angles are given in Table 2 . The geometric centre of the molecule lies on a crystallographic inversion centre. The geometry of the NO 4 environment around each copper ion is square pyramidal, as evidenced by the t value 49 of 0.08. The dimer is assembled via the m 2 -enolato oxygen atoms O4 and its centrosymmetric analogue O4a, belonging to two distinct deprotonated ligand L 2À . Each of the oxygen atoms bridge two adjacent copper ions, thus occupying both the apical position of the pyramid around one metal center, and the equatorial position of its centrosymmetric counterpart. The coordination around copper is completed by the imine-N(1) and phenolic-O(3) atoms of the Schiff base and by the O1S atom of the DMF molecule. This arrangement gives rise to a Cu 2 O 2 distorted square and to a pair of five and six-membered chelate rings. The Cu1-Cu1a distance is 3.429(6) Å, which is in good agreement with previously reported doubly phenolato-bridged copper complexes, 50,51 where the Cu-Cu separation is in the range 2.901-3.345 Å. The Cu1-O4 distance is 1.943(1) Å, which is comparable with similar bond distances [1.922(4) and 1.941(4) Å] reported in the literature. 50a On the other hand, the Cu1-O4-Cu1a angle of 95.33(4)1 is relatively small if compared with literature data, 50a,d,52 where the angular values span from 95.7 to 107. 51. 53 In the lattice, the crystal structure is stabilized by weak p-p stacking interactions involving the aromatic rings of the ligand. Fig. 2 shows the packing along the b axis of the unit cell, with centroidÁ Á Ácentroid distances of 3.849(5) Å.
Electronic spectra
The electronic spectra for H 2 L and complex 1 were recorded in HPLC grade dimethyl formamide and methanol, respectively. For H 2 L, the absorption bands at 314 (e = 201 600 M À1 cm À1 ), 347 (e = 115 818 M À1 cm À1 ), 383 (e = 38218 M À1 cm À1 ) and 463 nm (e = 28 072 M À1 cm À1 ) are attributed to pp* and np* transitions. 54 Upon complexation, the pp* band shifts from 314 to 337 nm (e = 38 750 M À1 cm À1 ), while the np* band moves to 392 (e = 21 583 M À1 cm À1 ) and 408 nm (e = 20 541 M À1 cm À1 ). Furthermore for the complex, a pure d-d transition appears at 650 nm (e = 1008 M À1 cm À1 ). 55 The spectral characteristics are explained with the help of a DFT computation of the optimized structure of 1. The orbital energies along with the contributions to some MOs from the ligands and the metal for a few MOs are given in Fig. 3 , while the orbital energies of the ligands and the complex are given in Table S1 (ESI †). As complex 1 contains two unpaired electrons as s = 1/2, it shows two spin states designated as a and b. Both filled and vacant a-MOs from HOMOÀ5 to LUMO+5 constitute mainly of ligand orbitals (L 2À ). The metal and DMF contributions are insignificant in both filled and vacant MOs; only HOMOÀ5 and HOMOÀ4 carry 15% and 14% Cu functions whereas LUMO+4 and LUMO+5 carry 9% and 12% DMF functions in the a state, respectively. Thus, the ligand L 2À controls the molecular functions and hence the electronic properties of the complexes. Thus, in the a state all the transition bands are basically considered as ILCT in nature. The intensity of these transitions has been assessed by the oscillator strength ( f ). HOMO -LUMO is considered as L(p) -L(p*) with f = 0.5762 at 405.8 nm; HOMOÀ1 -LUMO+3 is found at 335.3 nm with f = 0.3549 which is also represented as ILCT (see Table S2 , ESI †). In a similar way, the orbital energy of the b state of 1 was also calculated (see Table S3 , ESI †) and the calculated transitions are grouped. Here also the contribution of the ligand L 2À in 
Emission spectra
The emission spectra of H 2 L and 1 were carried out in DMF and methanol, respectively, at room temperature. They show that H 2 L fluoresces strongly when it's pp* transition band is excited, whereas complex 1 is a weak emitter (Fig. 4) . For H 2 L, a strong emission band appears at 498 nm upon excitation at 314, 347 or 383 nm (which are pp* bands). This means that H 2 L shows a high Stokes shift value of 184 nm (Dl 0 = l emission À l absorption ) ( Fig. 5 ) which corresponds to the Stokes shift parameter of 11 767 cm À1 . The Stokes shift parameter indicates the difference in properties and structure between the ground state S 0 and the first exited state S1, 56 and has been estimated according to the following equation: 57 Du 0 = u abs 0 À u em 0 = (1/l abs À 1/l em ) Â 10 7 cm À1 where: l abs and l em = absorbance and emission wavelength (nm), u abs 0 and u em 0 = wavenumbers for the absorption and emission maxima (cm À1 ). 
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Complex 1 fluoresces very weakly at 448 nm when it is excited at 337 nm. Longer wavelengths of excitation (MLCT/d-d bands) do not produce any emission. Though the Stokes shift parameter of the ligand is comparatively higher with respect to the well-known coumarin dye, coumarin-1 (C1; 7-NEt 2 -4-CH 3 -1,2-benzopyrone, Du 0 = 4259 cm À1 in acetonitrile), the fluorescence quantum yield of the ligand (f H2L : 0.17) is much less than C1(f C1 : 0.62). This is basically due to the presence of an OH oscillator, which acts as an efficient quencher enhancing the intersystem crossing process. In addition to that, the stretching vibrations of the CH, NH and CQO oscillators also have an effect on quenching of luminescence. 58 In the case of 1, the fluorescence quantum yield (f 1 : 0.008) decreases by B20 times due to the high paramagnetic quenching of the Cu(II) metal (d 9 ). 59 The decay studies of the free ligand and the complex have been performed in DMF and methanol respectively, upon excitation at 370 nm (Fig. 6, left) . The decay profile of the ligand fits with a mono exponential decay whereas in the case of the complex, the nature of the decay is bi-exponential ( Fig. 6, right) The mean lifetime (t f = a 1 t 1 + a 2 t 2 , where a 1 and a 2 are relative amplitudes of the decay process for bi-exponential) has been calculated to compare the excited state stability of the complex (1 ns) and the free ligand (3 ns). This indicates that the excited states of 1 are unstable compared to those of H 2 L. Radiative and non-radiative rate constant values have also been calculated showing, as usual, k nr values [3.09 Â 10 8 (H 2 L) and 9.8 Â 10 8 (1)] higher than the relative k r values [6.32 Â 10 7 (H 2 L) and 7.97 Â 10 6 (1)]. In the complex, the rate constant of nonradiative decay is much higher (B100 times) than the radiative decay, evidencing that 1 is a very weaker emitter than the ligand.
EPR spectra
The EPR spectra of the polycrystalline solid complex 1 were recorded at 298 and 77 K. The two spectra are shown in Fig. 7 . No resonances below 2800 and above 3400 Gauss and no halffield transition DM = AE2, attributable to a magnetic coupling between two 3d 9 Cu(II) ions, were detected. This indicates that the two ions, separated by 3.429 Å, are not interacting, in agreement with the EPR behaviour of other Cu dimeric complexes reported in the literature. 60 EPR spectra are 'tetragonal' at RT, with two g values, and 'rhombic' at 77 K, with three g values. This suggests a geometric distortion when lowering the temperature, which determines a slight x, y anisotropy. At RT, the order g z c g x = g y 4 g e (Table 3) is characteristic of a ground state C based on the Cu-d x 2 Ày 2 orbital and it is compatible with the square pyramidal environment of each copper ion. At 77 K, the order g z c g y 4 g y 4 g e (Table 3) indicates a ground state C which can be described as a linear combination of Cu-d x 2 Ày 2 and Cu-d z 2 orbitals, C = c 1 |d x 2 Ày 2i + c 2 |d z 2i, 61 the parameter R (R = (g y À g x )/(g z À g y ), with g z 4 g y 4 g x ) being indicative of the predominance of the Cu-d x 2 Ày 2 orbital (c 1 4 c 2 ) or Cu-d z 2Á(c 2 4 c 1 ). 62 If R o1, the greater contribution to the ground state arises from the Cu-d z 2 orbital, while if R 4 1 this arises from Cu-d x 2 Ày 2 orbital. 61b For 1, R is 2.7 and this means that c 1 4 c 2 and that a slight difference between the x and the y axis occurs at low temperatures, but the structure remains close to the square pyramidal geometry. 61b Therefore, variations in temperature cause slight structural changes in bond lengths and angles in the xy plane, which results in a mixing between the Cu-d x 2 Ày 2 and Cu-d z 2 orbitals in the singly occupied molecular orbital that bears the unpaired electron. Similar effects induced by the temperature were observed from some other Cu(II) compounds. 63 When 1 is dissolved in an organic solvent (DMSO, DMF or MeOH) at 298 K, the dinuclear Cu(II) structure is destroyed; the solvent breaks the long Cu-O4# bond, replaces the alkoxide oxygen in the axial position and mononuclear Cu(II) species are formed (Fig. 8) . This has been observed for other polynuclear Cu(II) structures. 64 In all the three solvents, the spectra are slightly 'rhombic' with g z c g y 4 g y 4 g e , similarly to what were observed in the solid state (Table 3) . Therefore, the ground state is based on the Cu-d x 2 Ày 2 orbital and the geometry around copper is a distorted square pyramid. The values of g z and A z are compatible with an equatorial NO 3 coordination and a charge close to the neutrality around the metal ion. 65 Interestingly, in the spectra recorded in MeOH and DMF, an EPR resonance centered at g B 2.24 is detected. The intensity of this band increases from MeOH to DMF and cannot be ascribed to a residual presence of the dimeric structure because no other absorptions (nor at lower and higher magnetic fields) are observed. The broad and unresolved band can be assigned to an aggregation processes originated in MeOH and DMF, probably favored from the formation of p stacking interactions. Owing to such processes, the distance between the Cu centers decreases significantly and an isotropic band due to the magnetic interaction of the S = 1/2 paramagnetic metal ions appears. These aggregations have been observed for other paramagnetic species and depend on the solvent used; the effect can be detected using EPR spectroscopy but not using UV-vis spectrophotometry. 66 The appearance of this band, characteristic of the solid samples, is not accompanied by the formation of a precipitate, ruled out by the electronic absorption spectra (Fig. 9 ). Therefore, this state can be interpreted as the intermediate between the solution and the solid state, in which the molecules undergo aggregation through p stacking favored by the presence of the two aromatic rings in the ligand structure.
Magnetic properties
The variable-temperature magnetic properties (in the temperature range from 5 to 300 K under an external field of 10 000 Oe) of complex 1 in the form of w M T vs. T (w M vs. T inset) plots are illustrated in Fig. 10 (w M is the molar susceptibility for two Cu(II)). At room temperature, the w M T value is 6.74 emu K mol À1 . When lowering the temperature, the w M T value increases smoothly to a maximum value of 8.83 emu K mol À1 at 30 K. It then decreases sharply and reaches a value of 7.94 emu K mol À1 at 5 K. The behavior suggests that there is weak ferromagnetic interactions between the bridging dinuclear Cu(II) ions. Furthermore, the effective magnetic moment at room temperature is 2.07 B.M., which is less than the spin only value of Cu(II), 2.45 B.M., calculated for two uncoupled spin 1/2 centers.
Antimycobacterial activity
In the anti-mycobacterial assay, H 2 L and complex 1 were tested against M. tuberculosis H37Rv ATCC 27294 and M. tuberculosis H37Ra ATCC 25177 strains as well as against two clinical strains (strain 1 and strain 2). The results are shown in Table S4 (ESI †). M. tuberculosis H37Rv and M. tuberculosis H37R, well-known indicators, were used for the drug sensitivity tests. 20 The results showed that the ligand H 2 L and complex 1 both exhibited antimycobacterial activity against all the tested M. tuberculosis strains, with MIC values of 52.96 mmol L À1 and MBC values in the range of 52.96-423.68 mmol L À1 . Both H 2 L and complex 1 showed the bactericidal activity and killed the bacteria (Table S4 and Fig. S4 , ESI †). Trias et al. 67 showed that Mycobacterium chelonae developed a pore-forming protein as a mycobacterial porin. In the study of permeability of Mycobacterium smegmatis, Trias and Benz 68 reported that the mycobacterial porin formed an important hydrophilic structure where small molecules pass through the pores and diffuse into the cell. In this study, we evidence that all compounds showed a considerable efficacy on the Mycobacterial strains. The mycobacterial cell wall includes a large amount of complex lipids, lipopolysaccharides and mycolic acids. This constitution makes the cell wall a hydrophobic strong barrier against antimicrobial agents. 69 These results are well comparable with previous literature. 70 The MIC (Minimal Inhibitory Concentration) and MBC (Minimal Bactericidal Concentration) values are higher in the present case. The concerned data respond well while comparing with known drugs like streptomycin and isoniazid.
Cytotoxicity study Fig. 11 shows the effects of complex 1 and ligand H 2 L in human adenocarcinoma cells. In order to determine the cytotoxic effect Fig. 10 The w M T vs. T plots for complex 1 in the temperature range 5-300 K. of complex 1 and ligand H 2 L, the adenocarcinoma cells were treated with or without the compounds and the cell viability was tested after 24 and 48 hours by MTT Assay. The results showed that the cell population was significantly decreased after 48 hours of treatment with H 2 L. However complex 1 produced the cytotoxic effect only after 48 hours of incubation. Our results suggest that both complex 1 and the ligand are able to induce cytotoxicity in MCF7 cells with an IC 50 value of 100 mM and 5 mM.
Hence the ligand and complex 1 can have potential anticancer properties.
Docking study
The enoyl acyl carrier protein reductase (ENR) from M. tuberculosis is one of the key enzymes involved in the mycobacterial fatty acid elongation cycle and has been validated as an effective antimicrobial target. In the current study we have docked our ligand inside the binding pocket of enoyl acyl carrier protein reductase of M. tuberculosis to get an idea about the mode of action. The crystallographic structure of enoyl acyl carrier protein reductase of M. tuberculosis H37R v was downloaded from the RCSB protein data bank (PDB ID: 4U0K), which was resolved at 1.09 Å by X-ray diffraction. Energy minimized structure of the ligand (H 2 L) was used for in silico protein ligand docking studies in the cavity of the enzyme. A total of 16 amino acids (Ile21, Gly96, Phe97, Met98, Met103, Met147, Asp148, Phe149, lys165, Ala191, Gly192, Pro193, Ile194, Thr196, and Met199) were present in the cavity sites and involved in the binding process within 3.5 Å radius of the ligand. The ligand, H 2 L, interacts with the protein by ionic interaction with Lys165 (1.59 Å, Fig. S5 and S6, ESI †) and hydrogen bond interaction with Thr196 (1.99 Å, Fig. S5 and S6, ESI †). The relevant data of the docking study are given in Tables S5 and S6 (ESI †) .
The surface area of the active site cavity (with respect to the Hbond donor/acceptor) is depicted in Fig. 12 ; the carbonyl group and the -OH group of the coumarin moiety is oriented towards the H-bond donor rich surface of the protein.
Druglikeness and ADMET prediction
The druglikeness of H 2 L was checked following Lipinski's rule of five. The ADMET modules of Discovery Studio were used to check the ADMET (absorption, distribution, metabolism, excretion and toxicity) properties of the compounds. Toxicity prediction, aqueous solubility, blood brain barrier penetration, human intestinal absorption, and ames mutagenicity were predicted under the Calculate Molecular Property module of the Small molecule tool of Discovery Studio client 4.0. The predicted data are summarized in Table 4 . According to these predictions, the ligand, H 2 L, is well absorbed and non-mutagenic.
Conclusions
The coumarin-assisted tridentate ligand, [benzoic acid(7-hydroxy-4-methyl-2-oxo-2H-chromen-8-ylmethylene)-hydrazide], has been used to synthesize a phenoxo-bridged Cu(II) dinuclear complex, Cu 2 [(L) 2 (DMF) 2 ] (1). The solid state structure of 1 shows that the Cu atoms are present in a square-pyramidal arrangement. The variable temperature EPR spectra suggest that a geometrical distortion takes place upon lowering the temperature and that the dinuclear structure is destroyed if the complex is dissolved in coordinating solvents. The temperature dependent magnetic moment supports the presence of weak ferromagnetic interactions between the bridging dinuclear Cu(II) ions. Both the ligand H 2 L and complex 1 exhibit anti-mycobacterial activity and considerable efficacy on M. tuberculosis H37Rv ATCC 27294 and M. tuberculosis H37Ra ATCC 25177 strains. Our cytotoxicity study on human adenocarcinoma cells suggests that both complex 1 and the ligand H 2 L are able to induce cytotoxicity in MCF7 cells. In summary, the studies here discussed have evidenced the activity in the biomedical field of a new copper complex; further investigations in this area with other transition metal ions and chemosensor activities of the ligand for selective detection of metal ions are currently being carried out in our laboratories. 
